Silicon carbide (SiC) devices have shown substantial promise in realizing ultrahigh-voltage and high power, and have been usually considered as a potential candidate for high radiation levels applications. However, in this work it is found that the SiC P-intrinsic-N (PiN) diodes are sensitive to the electron irradiation, which exerts significant influence on the device characteristics. The physical mechanisms behind these behaviors are studied by probing the production of point defects and the evolution of carrier lifetime in the SiC epilayers after irradiation. It is found that the forward current is significantly reduced by irradiation and the specific on-resistance monotonously increases with the increasing electron fluences, which is resulted from the deteriorated conductivity modulation effects in the epilayer due to the enhanced carrier recombination from the radiation induced deep-level defects, such as the carbon vacancy (V C ), silicon vacancy (V Si ) and V C +V Si complexes. Inversely, no significant change is observed in the reverse leakage current of 4H-SiC PiN diodes, and the breakdown voltage even slightly increases after electron irradiation, which are ascribed to the suppressed carrier generation arising from the point defects in 4H-SiC with a wide bandgap and the carrier-removal effects caused by the acceptor like point defects generated during irradiation, respectively. INDEX TERMS Silicon carbide, point defects, carrier lifetime, electron irradiation, PiN diodes.
I. INTRODUCTION
Silicon carbide (SiC) has attracted increasing attention as an excellent candidate for high power applications due to the superior characteristics to Si. Owing to its higher critical electric field strength, lower intrinsic carrier concentration, higher electron saturation velocity, superior thermal conductivity and excellent physical stability than Si [1] , [2] , SiC power devices can be fabricated with much thinner, more highly doped drift layers and operate at higher temperatures or radiation environments. Consequently, SiC devices are expected to have lower specific on-resistance for a given breakdown voltage and a reduced switching losses for The associate editor coordinating the review of this manuscript and approving it for publication was Gian Domenico Licciardo .
high-voltage converter applications. Among many kinds of SiC devices, SiC bipolar devices have shown great promise for ultrahigh-voltage applications because of the conductivity modulation effect of thick voltage blocking layers, such as insulated-gate bipolar transistors, bipolar junction transistors, and P-intrinsic-N (PiN) diodes.
Silicon carbide (SiC) has been widely used for electronic radiation detectors and attracted considerable interest in recent years. It has been reported that after neutron fluences up to 1 × 10 17 /cm 2 there is no significant degradation in the detection efficiency of 4H-SiC neutron detectors in Schottky structure [3] , although the forward current of Schottky diodes generally shows a decrease after neutron fluences exceeding 1 × 10 14 /cm 2 [4] , [5] . SiC junction field effect transistors (JFETs) have shown negligible degradation in the VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ threshold voltage and the turn-on switching parameters for gamma radiation doses up to 100 Mrad [6] , but the ON-state resistivity of the FET significantly increased after neutron irradiation for fluences in excess of 4 × 10 14 /cm 2 due to the removal of carriers from transistor's light doped channel and drift regions [7] . However, to date studies on particle irradiated SiC devices have been centered on SiC Schottky diodes, MOS capacitors and FETs, including JFETs and MOSFETs [8] - [12] . The literature about radiation hardness on bipolar SiC PiN devices is relatively fewer, and the related publications are focused on the lifetime-control technique in SiC PiN diodes by irradiation, aiming to reduce switching power loss [13] , [14] . Among the many kinds of particle irradiation, electron irradiation is widely applied because of its high availability. Due to the bipolar structure, the forward current of PiN diodes strongly depends on the conductivity modulation of the drift layer, i. e. the carrier lifetime [15] , [16] . While the latter is determined by the deep-level defects, which may be introduced by irradiation [17]- [20] . Therefore, it is of key importance to have a deep understanding of the point defects production and their influence on the diodes characteristics of electron irradiated SiC PiN diodes. To the best of our knowledge, this has not been reported so far. In this study, the forward and reverse blocking characteristics of 4H-SiC PiN diodes are investigated as a function of electron irradiation fluences from 3 × 10 13 /cm 2 to 5.0 × 10 14 /cm 2 .
The effects of electron irradiation on the point defects production and the evolution of carrier lifetime in the intrinsic epilayers of PiN diodes were studied, aiming to explain the electrical degradation mechanisms of PiN diodes in terms of the conductivity modulation and carrier removal effects. These findings clarify the response of 4H-SiC PiN diodes characteristics to the electron irradiation, and offer valuable information to understand point defects generation and degradation mechanisms of irradiated SiC PiN diodes.
II. EXPERIMENT DETAILS
The starting substrate was a n + 4H-SiC with a nitrogen doping concentration of 1.0 × 10 19 /cm 3 . Then, a 1 µm n + buffer layer, a 60 µm n − drift layer and a 1 µm p + layer were grown subsequently, as thus forming a PiN structure. The device area was 0.012cm 2 . The doping concentrations for n + buffer layer, n − drift layer and top p + layer were about 8.0 × 10 17 /cm 3 , 2.5 × 10 14 /cm 3 and 2.5 × 10 19 /cm 3 , respectively. Over this, junction termination extension (JTE) region was formed by Al implantation with a dose level of 10 13 ions/cm 2 . The activation anneal was performed at 1650 • C for 30 min. Finally, Ni/Ti/Al/Au metal stacks were deposited on the top p + layer and back n + substrate to form ohmic contacts by e-beam evaporation. Subsequently, the PiN devices and 60 µm thick n-type intrinsic SiC epilayer on the n + substrate were subjected to the electron irradiation with electron energy of 2 MeV. The electron fluence ranged from 3 × 10 13 e/cm 2 to 5 × 10 14 e/cm 2 . All irradiations were performed at room temperature. Before and after irradiation, currentvoltage (I-V) and capacitance -voltage (C-V) measurements at room temperature were used to probe the changes in diodes characteristics of PiN devices. The applied voltages for forward and blocking characteristics ranged from 0 to 10 V and −5 KV to 0 V, respectively. The reverse recovery characteristics were then measured by using the double pulse method. The electric circuit was shown in Fig. 1 . We used an inductive load with 10mH and SiC power MOSFET produced by Cree (C2M0040120D: V DS = 1200V, R DS (ON) = 40m , I D = 60A) as a switching device. C-V measurements were then carried out at a fixed modulation frequency of 1 MHz by a Boonton bridge in order to investigate the possible carrier removal effects by electron irradiation. Subsequently, the electron irradiation induced defects in PiN diodes were characterized using a PhysTech Fourier Transform 1030 deep level transient spectroscopy (DLTS) system from 100 K to 600 K. The applied reverse bias V R and the filling pulse voltage V P were −10 and −0.5 V, respectively. The sampling period t w of the bias pulse from V R to V P was 500 ms and the filling pulse duration t p is 10 ms. Besides, the effective carrier lifetimes of the 4H-SiC intrinsic epilayers before and after electron irradiation were evaluated by a Semilab WT2000 microwave photoconductivity decay (µ-PCD) instrument. The concentration of generated excess carriers in 4H-SiC epilayers by 349 nm laser illumination was at the order of 10 16 cm −3 , which is much higher than the carrier concentration in the 4H-SiC epilayer and therefore corresponds to the high-level carrier lifetime. Fig. 2 shows the forward and reverse blocking characteristics of 4H-SiC PiN diodes before and after electron irradiation. The forward current density J D exhibits a monotonous and remarkable decrease with the increasing electron dose. After electron irradiation of 2 × 10 14 e/cm 2 , the forward current is significantly reduced from the initial 940 A/cm 2 to 12.7 A/cm 2 at a given forward voltage of 6 V, i.e droping about two orders. At electron dose of 5 × 10 14 e/cm 2 , the PiN diodes completely fail to turn on. However, the electron irradiation does not significantly influence the leakage current of SiC PiN diodes as shown in the inset of Fig. 2(b) , and the breakdown voltage even slightly increases after irradiation ( Fig. 2(b) ). This is in good agreement with the Ref. 4 and 12, which report that the reverse blocking characteristics of SiC Schottky diodes is insensitive to the electron irradiation. Besides, it should be mentioned that the blocking voltage of PiN diodes is about 4.2-4.4 kV, which is much lower than the theoretical value of 8-9 kV for 60 µm thick drift layer. This gap is considered to be resulted from the junction termination extension technology with lower efficiency, which needs to be optimized in our future work. Figure 3 shows the plots of specific on-resistance R S vs. V D after electron irradiation of different doses, where R S values are calculated by differentiating V D to I D . It can be seen that R S grows significantly as the electron dose increases, and is elevated by two orders after electron fluence of 2 × 10 14 e/cm 2 . This shows a good agreement with the substantial reduced forward current shown in Fig. 2(a) . Figure 4 shows the reverse recovery transient waveforms of SiC PiN diodes with and without electron irradiation. The forward current I D , the reverse voltage V DD and the di/dt are 15 A, 1000 V and 115 A/µs, respectively. Before irradiation, the Si PiN diode has a reverse recovery current peak (I rr,max ) of 2.54 A and reverse recovery time (t rr ) of 58.9 ns. After irradiation of 2 × 10 14 e/cm 2 , the SiC PiN diode yields a reduced I rr,max and t rr , decreasing to 0.82 A and 42.1 ns, respectively. It is inferred that this result is due to the crystal defects generated by irradiation, which promote the recombination of the stored minority carrier in the drift layer. The characterization of point defects and carrier lifetime will be illustrated in the Section C and has proved this hypothesis.
III. RESULTS AND DISCUSSION

A. EFFECTS OF ELECTRON IRRADIATION ON THE STATIC AND DYNAMIC CHARACTERISTICS OF SiC PiN DIODES
B. CARRIER REMOVAL EFFECTS IN ELECTRON IRRADIATED SiC PiN DIODES
To investigate the carrier removal effect on the degraded diodes characteristics after irradiation, C-V measurements were performed to determine the changes in carrier concentration before and after irradiation, which is shown in Fig. 5(a) . From the slope of 1/C 2 vs. V R plots, the carrier concentration N D is obtained and illustrated in Fig. 5(b) as a function of electron dose from 3 × 10 13 e/cm 2 to 5 × 10 14 e/cm 2 . It is found that the carrier concentration shows a gradual decrease with the increasing electron doses. In other words, the electron irradiation leads to the usually seen carrier removal effect in the epilayer. After electron dose of 5 × 10 14 e/cm 2 the carrier concentration is reduced by ∼1/3. Comparing Fig. 3 with Fig. 5(b) , it can be clearly seen that the changes in specific on-resistance R S are much more prominent than the ones in the carrier concentration of the SiC epilayer. Therefore, it can be inferred that the carrier removal effect in the epilayer by irradiation is not the predominant reason for the substantial increased R S and therefore the reduced forward current.
C. CARRIER LIFETIME AND POINT DEFECTS PRODUCTION IN THE INTRINSIC SiC EPILAYER AFTER ELECTRON IRRADIATION
It has been extensively reported that the carrier-lifetime in the intrinsic SiC epilayer plays a vital role in the forward characteristics of SiC PiN diodes via the conductivity modulation, where carriers are injected from the top P + layer and N + substrate [15] , [16] . It is found that the on-resistance of PiN diodes is inversely proportional to the carrier lifetime [15] . In other words, the longer carrier lifetime the smaller R s . Therefore the carrier-lifetime enhancement process is widely used to reduce the on-resistance and thus improves the forward characteristics of SiC bipolar devices [15] , [16] , [23] , [24] . Considering the crucial influence of carrier lifetime on the PiN diodes characteristics, the changes in carrier lifetime (τ ) of the 4H-SiC epilayer before and after irradiation are probed by µ-PCD, which is shown in Fig. 6 . It is observed that the carrier lifetime is significantly reduced from 0.74 µs to 0.04 µs as the electron fluence increases from 3 × 10 13 e/cm 2 to 5 × 10 14 e/cm 2 , and drops to 0.01µs at an electron dose of 5×10 14 e/cm 2 . It should be noted that the detection limit of our present µ-PCD is about 0.01 µs. Thus, the carrier lifetime after an electron fluence of 5 × 10 14 e/cm 2 may be even lower than 0.01 µs. To clarify the physical mechanisms behind the reduced carrier lifetime after irradiation, DLTS spectra for 4H-SiC PiN diodes were recorded before and after electron irradiation and shown in Fig. 7 . Here, the signal b1 is the coefficient of the first sine term in the Fourier series of deep level transient Fourier spectroscopy [25] . A broad peak locating at 200-400 K was observed in the 4H-SiC PiN diodes both before and after irradiation, and its intensity significantly increases with the increasing electron fluences. Meanwhile, two new peaks labeled as P2 and P3 are generated in the 4H-SiC PiN diodes after electron irradiation. The energy level and capture cross section of these deep-level defects and tentative identity are shown in Table 1 . The dominant P1 level can be attributed to the extensively reported Z 1/2 electron trap, which is known as one of the most stable defects in 4H-SiC and acts as strong minority carrier recombination centers in n-type materials [26] - [28] . Many investigations on the carbon implantation, particle irradiation experiment and first-principle calculation have led to the conclusion that the Z 1/2 -center is the acceptor state of the carbon vacancy (V C ) [29] - [31] . Recently, Capan et. al. ascribe the Z 1/2 signal to a superposition of emission peaks from double negatively charged V C defects combined Laplace-Deep Level Transient Spectroscopy and density functional theory studies [32] . Another distinctive P2 level is attributed to a positively charged silicon vacancy V + Si , which is one of the dominant defect centers in particle irradiated 4H-SiC [33] . However, significant difference is the appearance of the P3 level in the electron irradiated SiC PiN devices, which was usually detected in electron or proton irradiated 4H-SiC after the subsequent annealing at 300 • C and was ascribed to V C -V Si complexes [4] , [34] . It is inferred that the incident energetic electrons knock on the Si-C bonds in the SiC lattice, and transfer sufficient energy to Si and C atoms to dislodge them from their normal location. Therefore, V C , V Si and V C -V Si defects are generated, i. e. primary knock-on atom (PKA). Furthermore, the defects depth profiles can be obtained by varying the reverse voltage and measuring the corresponding capacitance transient spectra. Fig. 7(b) shows the representative profiles of the dominant deep level Z 1/2 from carbon vacancy in as-grown and electron irradiated 4H-SiC epilayer at different doses. Herein, the depth profile of Z 1/2 defects is obtained at 300 K by varying the reverse bias from −100 V to −1 V in the isothermal measurements mode of the PhysTech Fourier Transform 1030 DLTS, while the filling voltage is fixed as −0.5 V. It should be mentioned that −100 V is the maximum voltage of the present DLTS test system, which restricts the maximum detection depth of defects. It can be found that the electron radiation injected V C (= /0) defects is homogeneously distributed in the intrinsic epilayer, which is consistent with the electron radiation induced defects in Junction Barrier Schottky (JBS) diodes [4] . Obviously, This acceptor-like V C (= /0) defect appears at lower concentrations in as-grown epilayer material and is significantly enhanced by electron irradiation. Figure 8 shows the simulated carrier distribution of SiC PiN diodes at on-state current of 100 A/cm 2 as a function of the effective carrier lifetime. Herein, the carrier mobility µ is considered to be constant after different electron doses. In detail, µ n and µ p hold 921cm 2 /V.s and 120 cm 2 /V.s, respectively [35] . After electron fluences of 7 × 10 13 − 5 × 10 14 /cm 2 , the generated total charged point defects is in the range of 1×10 13 −1×10 14 /cm 3 . According to reference [36] , hole mobility nearly stays constant for 10 14 − 10 16 /cm 3 doping levels. Therefore, it is included that the irradiation at this dose range leads to negligible influence on carrier mobility. As seen in Fig. 8 , the carrier density in the drift region exceeds the intrinsic doping concentration of 2.5 × 10 14 /cm 3 for τ ≥ 0.1µs, indicating the presence of conductivity modulation. For τ = 0.75µs, corresponding to the carrier lifetime in the drift layer without irradiation, the carrier density is increased to over 10 16 cm −3 . However, according to modeling in [35] , [36] , in this case the diffusion length L is calculated to be ∼20µm at room temperature and shows a degree of modulation of W/L = 3, i. e. an incomplete conductivity modulation. Herein W represents the thickness of drift layer. A higher carrier lifetime of ≥ 6.75µs is needed for achieving a complete conductivity modulation (W/L = 1), which needs to be improved in our future work. However, the conductivity modulation effect is seriously weakened with the reduced carrier lifetime from 0.75µs to 0.05µs as shown in Fig. 7 . The excess carriers in the epilayer injected from the top P + anode layer and N + substrate quickly recombines before reaching the opposite sides, therefore resulting in a significant decrease of carrier concentration, i. e. suppressed conductivity modulation. Consequently, the remarkably degraded forward characteristics shown in Fig. 1(a) can be understood.
In a word, the electron irradiation introduced V C , V Si and V C -V Si defects give rise to deep levels in the bandgap of 4H-SiC. They acts as efficient carrier-recombination centers and therefore leads to the reduction of carrier lifetime, thus degrading the conduction modulation effects in the intrinsic epilayer and forward characteristics of 4H-SiC PiN diodes shown in Fig. 2(a) . However, due to the wide bandgap of 4H-SiC these deep-level defects behave as carrier traps and not as efficient generation centers, and consequently exert insignificant influence on the reverse leakage current after electron irradiation as shown in Fig. 2(b) . Meanwhile, these V C , V Si and V C -V Si defects exhibit the acceptor character and thus decrease N-type doping concentration in the drift layer as shown in Fig. 5(b) , thereby resulting in the reduction of the electric field intensity in the space charge region of the reverse biased 4H-SiC PiN diodes. Consequently, the breakdown voltage of irradiated PiN diodes slightly increases after electron irradiation as shown in Fig. 2(b) .
IV. CONCLUSION
The point defects produced in 2 MeV electron irradiated 4H-SiC PiN diodes and their influence on the forward and reverse characteristics of PiN diodes are investigated. The corresponding degradation mechanisms are analyzed in terms of the carrier recombination, carrier removal and carrier generation arising from these point defects created in the electron irradiated SiC material. It is found that the electron irradiation introduces V C , V Si and V C + V Si defects in the intrinsic epilayer of PiN diodes, which give rise to the deep acceptor levels in the bandgap. These deep-level defects serve as efficient carrier recombination centers and thus lead to the significant reduction of carrier lifetime, which weakens the carrier modulation in the intrinsic drift epilayer and therefore results in the remarkable decrease of the forward current. However, the carrier generation from these radiation induced point defects is suppressed due to the wide bandgap of 4H-SiC, and thereby insignificant change of the reverse leakage current is observed after electron irradiation of different fluences. Whereas the breakdown voltage of PiN diodes slightly increases after irradiation. This can be ascribed to the carrier-removal effects from the acceptor like point defects generated during electron irradiation, which reduces the electrical field intensity of the space charge region of the reverse biased PiN diodes.
